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TOWARD A FAST-RESPONSE ACTIVE TURBINE TIP CLEARANCE CONTROL

Kevin J. Melcher
National Aeronautics and Space Administration
Glenn Research Center
Cleveland, Ohio 44135

ABSTRACT

This paper describes active tip clearance control
research being conducted by NASA to improve turbine
engine systems. The target application for this effort is
commercial aircraft engines. However, technologies
developed for clearance control can benefit a broad
spectrum of current and future turbomachinery. The
first portion of the paper addresses the research from a
programmatic viewpoint. Recent studies that provide
motivation for the work, identification of key
technologies, and NASA’s plan for addressing
deficiencies in the technologies are discussed. The later
portion of the paper drills down into one of the key
technologies by presenting equations and results for a
preliminary dynamic model of the tip clearance
phenomena.

NOMENCLATURE
Symbol Units Description
A m’ area
E Pa Young’s modulus
P Pa pressure
T °C temperature
c J/kg-°C specific heat
h W/m*-°C  convection coefficient
k W/m-°C  thermal conductivity
/ m blade length
q W heat transfer rate
r m radius
t sec time
u m deformation
w m width
a 1/°C thermal expansion coefficient
) m tip clearance
P kg/m’ density
v Poisson’s ratio
W rad/sec angular speed
n film cooling effectiveness
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1. INTRODUCTION

Active clearance control is an attempt to improve
engine efficiency by manipulating both transient and
steady state tip clearances during engine operation. In
recent studies,"? active clearance control (ACC) was
identified as one of two technologies most likely to
increase the on-wing life of commercial aircraft
engines. Additional benefits of decreased operating
clearances are reductions in emissions and specific fuel
consumption (SFC). An industry rule-of-thumb equates
a 025 mm (0.010 inch) reduction in turbine tip
clearance to a reduction in engine exhaust gas
temperature (EGT) of up to 10°C' (18 °F) and an
increase in turbine efficiency of up to 1%.> The result
would be a reduction in SFC by as much as 1% with a
proportional reduction in emissions. Although these
benefits appear to be small, a 1% reduction in SFC
across the current fleet could save a total of $160M+
per year in fuel costs.* It should also produce a
significant reduction of total emissions generated by
aircraft. These reductions would result in economic
and environmental benefits to the public at large.

Lattime* describes in detail events that may occur
during a flight profile and how they can impact the
design of engine clearances. Of particular concern is
the pinch point, a minimum clearance condition that
can occur during takeoff or reburst. During these
events, the rotor assembly expands rapidly, due to
centrifugal forces and rapid heating of the turbine
blades. At the same time, the surrounding case/shroud
structure expands due to thermal effects, but at a much
slower rate. The result is a rapid reduction in clearance.
In time, the growth rate of the casing exceeds that of the
rotor assembly and the clearance increases somewhat.
The point in time when the growth rate of the casing
first exceeds the growth rate of the rotor is the pinch
point. To avoid rubbing at this condition, excess
clearance must be designed into the turbine.
Unfortunately, this additional clearance results in non-
optimal clearances, and increased fuel use at most
normal operating conditions, including cruise. In order
to realize the full benefit of reduced clearances without
damage to the engine, the clearance must be controlled
throughout the flight profile.



At present, two approaches are used to minimize
operating clearances. The primary approach involves
designing clearance variations out of the engine system.
This approach relies on material properties and engine
operating temperatures to match the growth of turbine
subcomponents. In general, this approach allows engine
designers to provide optimum clearance at only one
operating condition. The second approach also uses a
thermal approach to modify the clearance. It involves
using fan and compressor bleed air to control the
thermal deformation of the case surrounding the
turbine. While this approach provides some benefit, it
has several limitations. Thermal controls are either
model- or schedule-based. Because they use clearance
estimates for feedback, or no feedback at all, these
controllers cannot currently address clearance changes
due to engine wear. Thermal controls are also too slow
to mitigate some of the transient events that can occur
during a mission. This is due largely to the sizable
thermal masses involved. A new approach is clearly
needed to realize the full benefit of reduced
clearances—a fast-response ACC with direct sensor
feedback.

The purpose of this paper is three fold. First,
technology development efforts required to realize a
fast-response ACC system are identified. Second,
NASA’s plan for addressing gaps in ACC technology is
briefly discussed. Third, one of the technology efforts,
a dynamic model of the clearance phenomena, is
described in some detail. The discussion is addressed
from a control system perspective.

2. CLEARANCE CONTROL TECHNOLOGIES

As a result of recent studies, NASA is pursuing
research to improve technologies associated with active
control of turbine tip clearance. Efforts are focused on
three main areas: control design and system modeling,
actuation systems, and clearance sensors. Each of these
areas presents unique challenges to the development of
a clearance control system.

One challenge for ACC research is the application
of control design and dynamic modeling technologies
to the problem. Previous NASA efforts in collaboration
with  industry have quantified tip clearance
transients.” ®7  That significant effort has been
expended in this area is obvious from the fact that
active thermal-based control systems are flying on
commercial aircraft engines. However, current
clearance models used by industry tend to be a complex
mix of empirical and physics-based equations. They
are developed for a specific engine system resulting in
proprietary models that are not available in the open
literature. Even research that is described in the open
literature,”® uses models based on proprietary data
specific to a given, unidentified engine. Because of
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this, results are difficult or impossible to replicate. A
simplified, generic, fist-principles-based clearance
model that can be easily adapted to a specific engine is
needed for ACC design and evaluation studies.

An important consideration in the design and
selection of control laws is the desire to maintain tight
operating clearances across the flight trajectory without
rubbing. The H,-based control synthesis presented by
Korson® is a useful approach for handling the
uncertainties generated by clearance modeling or
measurement. It would be instructive to apply this or
another robust control synthesis method, first, to higher
fidelity models, then, to an actual turbine system.

Another challenge for ACC research is the
development of a clearance actuation system that can
operate reliably over the flight trajectory and within the
severe high pressure turbine environment. Lattime’
reports that over one hundred patents for passive and
active clearance control systems have been filed in the
U.S. Passive clearance control systems may be
categorized as thermal or pneumatic. Active clearance
control systems may be categorized as mechanical,
thermal, and pneumatic. The primary clearance control
found in large state-of-the-art turbine engines is an
active thermal approach that controls clearance by
cooling the engine casing with bleed air from the
compressor and/or fan. In general, the cooling air is
scheduled, though, in more advanced engines, a model-
based estimate of the clearance may be used to provide
feedback. Those engines that do not employ an active
clearance control system generally rely on passive
thermal approaches, wherein turbine subcomponents
are fabricated from materials with different thermal
properties to better match the growth of the rotor
assembly with the shroud. In general, thermal systems
are too slow to address clearance “pinch points” and
other fast transients during the flight profile. Some of
the thermal systems also lack sufficient control
authority to minimize clearances during cruise where
performance benefits are most significant. To be
commercially-viable, a new actuation system must
overcome the limitations of current systems without
significant penalties for cost, weight, or complexity.

A third challenge for ACC research is the
development of a turbine tip clearance sensor that is
highly-reliable and of flight-quality. Existing turbine
tip clearance control systems do not incorporate direct
measurement of clearance via sensors. This is due, in
part to the inability of existing sensors” '° to meet all of
the necessary environmental and operational
requirements* associated with the turbine. A variety of
clearance sensing techniques have been used in a
laboratory environment. However, not one of them is
currently being used on engines in commercial service.



Technology Development Task

Develop Fast Response ACC System

(Program/Project: Propulsion & Power/RAC)
- Define Control Sy stem Requirements
- Complete Concept Feasibility Studies
- Complete Fab of ACC Rig for Proof-of-Concept Testing
- Demo Clearance Control in System Level Simulation
- Complete ACC Proof-of-concept Tests with Controller
- Demo ACC System in Laboratory Environment

Improve Slow Response ACC System
(Program/Project: CICT/ICD)

- Complete Trade Study

- Complete Algorithm Development

- Demo Improved ACC Logic on Dry Rig

Develop Turbine Tip Clearance Sensor
(Program/Project: UEET/IPC)

- Complete Sensor Design

- Demonstrate Functional Sensor

- Demonstrate Rugged Sensor
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FY03 FY04 FY05 FY06

N
j
Sensor !

Reqmts 4 v

Sensors

————m——

<«

Algorithms

v

ACC Engine Demo
(Future Program)

v

e —

Figure 1. Development of ACC Technologies

3. NASA PLAN FOR CLEARANCE CONTROL
RESEARCH

As a result of the significant benefits and high
industry interest in active clearance control, researchers
and project leaders at NASA Glenn Research Center are
working with industry and academia to develop
technologies needed to realize such a system. Figure 1
gives a schedule for the current NASA plan.

Technologies needed to support a fast-response
ACC are being developed by researchers at NASA
Glenn with funding from the Revolutionary
Aecropropulsion Components (RAC) Project, part of
Power and Propulsion Project at NASA Glenn. Under
the effort, researchers are developing prototype
actuation systems, dynamic models for predicting
clearance, and control laws for a fast-acting turbine tip
clearance control. As planned, the initial proof-of-
concept demonstration will employ a mechanical
system with a state-of-the-art hyrdomechanical
positioning system. A successful demonstration could
allow a fast-response ACC to replace current thermal-
based controls on engine designs that would see service
in 10 to 15 years. A second proof-of-concept
demonstration that would employ an actuation system
based on advanced materials concepts (e.g., shape
memory alloys, piezo-electric elements, and magneto-
restrictive devices) is envisioned for the end of the
project. The target for this technology is future turbine
engines that may be driven by fuel cells, electric, or
other alternate energy concepts.

Control laws needed to improve current thermal-
based ACC systems are being developed by researchers
at NASA Glenn in partnership with General Electric
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Aircraft Engines. The effort is supported by the
Intelligent Controls and Diagnostics (ICD) Project,
which is part of the Computing, Information, and
Communications Technology (CICT) Program. The
goal of this ongoing project is to extend the on-wing
life of turbine engine systems via modifications to
existing control law software. As shown in Figure 1,
the effort started with a trade study conducted by
General Electric Aircraft Engines. Concluded at the
end of FY00, the study identified active clearance
control as a key technology for extending engine on-
wing life. Additional benefits, previously described,
were also found. Control law modifications were
completed and implementation initiated by mid-FY03.

The third project involved in developing clearance
control technologies is the Intelligent Propulsion
Control (IPC) Project which is part of the Ultra
Efficient Engine Technology (UEET) Project. The
purpose of the UEET-funded effort is to develop and
demonstrate a viable tip clearance sensor that can be
used in the high pressure turbine. Efforts are currently
underway to accomplish this work via contract.

The collaborative natures of the three efforts are
denoted by the dashed arrows in Figure 1.
Requirements identified by RAC-funded research have
been incorporated into a statement of work for the
UEET/IPC effort. The UEET/IPC developed sensors
will find use in the fast-response ACC control system.
Researchers hope that a successful fast-response ACC
prototype will merit funding for an engine
demonstration from a future project.
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Figure 2. Diagram of high pressure turbine
showing elements used in clearance modeling.’

4. FIRST-PRINCIPLES DYNAMIC MODEL FOR
TURBINE CLEARANCE

The development of control laws for a fast-
response ACC requires an experimental or analytical
model of the clearance phenomenon. In this section, a
first-principles model of the clearance dynamics is
presented. The model described in this paper is
preliminary, and as such, has limitations. These
limitations are being addressed as part of an ongoing
effort to improve and validate the clearance model.

In developing a dynamic model of the tip clearance
it is instructive to describe the elements of the turbine
that effect clearance. Figure 2° shows the basic
structure of a turbine. The case is the pressure vessel
surrounding the turbine. It is designed to be very stiff
so that tight tolerances can be maintained during flight.
The shroud is composed of a series of circumferential
arcs that act as abradable seals limiting the amount of
air flow over the blades tips. Each shroud segment is
mounted to the case via a rail system that allows for
circumferential deformation due to thermal and
mechanical loads. Seals between the shroud segments
limit leakage flow in the radial direction. The cavity
between the case and the shroud acts as a conduit for
compressor bleed air used to cool the shroud. Pressure
in the cavity is significantly higher than the core air
flow pressure to prevent combustion products and
unburned fuel from accumulating. The blades are used
to convert flow energy to mechanical energy. They are
exposed to the largest thermal and mechanical stresses.
Blades are mounted to the rotor via the blade shank.
In many engines, passages in the blade shank are used
to provide compressor bleed air to the blades for film
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cooling. The rotor, or turbine disk, is the largest
rotating element in the turbine. It also rotates at engine
speeds and is cooled by compressor bleed air.

For simplicity, the tip clearance model described
here incorporates three basic elements — the shroud (or
tip seal), the rotor (or disk), and the blades. In order to
predict deflections of these elements due to thermal and
mechanical stresses, temperature, pressure, and force
distributions on each element must be modeled. An
engine model, not discussed in this report, is used to
generate engine data for a given transient event. The
transient data (i.e., speed, temperatures, and pressures)
are used by the turbine sub-models to predict
deflections due to thermal and mechanical stresses.

Of particular interest here is the clearance. As
shown in Figure 2, the clearance is the gap between the
blade tip and the shroud. This gap changes during
engine operation due to variations in thermal and
mechanical stresses associated with each of the turbine
elements.  The clearance may be calculated by
summing the radial position of time-varying geometry

of each turbine sub-component as shown in
equation (1):
5(t) = rshmud (t) - [rrotor (t) + lblade (t)] (1)

Here, 7gyoud> Frotor» and lyaq. are, respectively, the
shroud inner radius, the rotor outer radius, and the blade
length — each a function of time.

The bulk of this paper is devoted to describing
equations developed to mathematically model the time
dependent nature of these geometric parameters. For
the sake of brevity, the reader should refer to Kypuros''
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Figure 3. Schematic for Turbine Shroud Model



for derivations. This discussion will start by focusing
on the shroud surrounding the turbine.

4.1. Shroud Model

As shown in Figure 3, it is assumed that the general
geometry of the shroud is a ring-like structure where
the inner surface is coated with an abradable material
that also functions as a thermal barrier. The inner
surface of the abradable material at radius 7, is exposed
to heated gas at a temperature approximately equal to
the turbine inlet temperature, Ty,4ie. The outer surface
of the shroud at radius 7, is exposed to compressor
discharge air which is assumed to be at temperature,
Teompressor- Pressure distributions on the inner and outer
surface of the shroud are adapted from Lattime.* For
simplicity, pressure in the tip clearance region is
assumed to vary linearly between the turbine inlet and
exit pressures. Compressor bleed air is used to purge
the space between the shroud and the casing. To
facilitate results, it is assumed that the temperature
difference between the compressor discharge and the
shroud outer surface is negligible.

For the purposes of this study, the abradable
material is presumed to function primarily as a thermal
barrier and not as a structural member. Due to its
conductive properties, the abradable layer dissipates
much of the turbine heat, thus reducing the temperature
(T,) otherwise experienced by the superalloy surface at
radius .. The heat transfer at the inner surface of the
abradable material and outer surface of the alloy are
assumed to be uniform (quasi-steady) to facilitate a
simple model. Heat is convected to the inner surface of
the abradable material at wall temperature 7, with a
heat transfer coefficient of 4, The convection
coefficient at the outer shroud surface is 4, and the
associated surface temperature is 7}.

Before proceeding, the reader should note that
equations describing the deformation of the shroud are
considered to be the weakest part of this preliminary
clearance model. The shroud is actually composed of a
series of circumferential arcs attached to the case, rather
than the solid structure described here. The case, rather
than the shroud, is the supporting structure and should
be included in a proper clearance model. Current
efforts are focused on revising the model to reflect this
fact.  Although the solid shroud model does not
accurately reflect the engine geometry, the resulting
dynamics are similar, and equations presented here will
familiarize the reader with the type of analysis required.

4.1.1. Shroud Heat Transfer

To facilitate a closed form solution for the heat
transfer between air flowing through the engine and the
surface of various turbine subcomponents, heat transfer
near the air/material interface is assumed to be
governed by the semi-infinite form of the transient heat
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conduction equation. The classical solution'> " for the
surface temperature, T, is

hZ hz
T, = l—exp{ t}erfc (T -T)+T ()
pck pck

In this equation, T; is the initial wall temperature, and 7,
is a reference temperature, for this application, the
temperature of the conducting air flow.

Kypuros'' applies this equation to the shroud, and
then uses a semi-infinite formulation of the transient
heat conduction equation to arrive at an equation for the
radial temperature distribution.

B ln(r/rc) B
1) =1y G T T 3)

Here, subscripts b and ¢ denote the outer shroud surface
and the metal/abradable material interface, respectively.

4.1.2. Shroud Deflection due to Thermal Stresses

To enable prediction of shroud deflection due to
thermal stresses, it is assumed that the stresses and
displacement do not vary over the width of the shroud.
The formulation presented herein is equivalent to that
given by Timshenko'® for a thin circular disk with a
hollow center. Using Equation (3), Kypuros'' solves
the general equation to obtain a specific solution for the
radial deflection due to thermal stresses.

](Tb-TEHTC “

2
u,.=ar T _ !
! ‘Nn2=r? 2@, /r)

Here, T}, is the temperature of the cooling air in the
purge cavity, and 7, is the temperature of the air
entering the turbine stage.

4.1.3. Shroud Deflection due to Pressure Differential

Timoshenko’s hollow cylinder equation is also
adapted to predict the deflection of the shroud at the
bond radius, r., due to pressure differential.

(=y) -

52 E rbz _Urz (Pnrb2 _Pircz)
‘ 5
_(1+V) rcrbz (P —P) ()
E p2-r2 "

In Equation (5), P; is the mean internal pressure and P,
is the outer surface pressure. Per Lattime,’ they are
equivalent to (P;,+ P,,)/2 and P, respectively.

4.2. Blade Model

In this section, the term ‘“blade” will be used to
describe the “bucket”—the portion of the blade exposed
to the primary engine air flow. Of the three basic
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Figure 4. Schematic for Turbine Blade Model

components, this is the most documented. The blade
shank could be modeled in a manner similar to that
used for the bucket, but with its own thermal and
mechanical characteristics. However, due to similarities
with the rotor, it will be treated as part of the rotor in
this simplified model.

The blades are stressed by both centrifugal forces
and thermal expansion. Significant radial deformation
of the blades results from centrifugal forces generated
by the high rotational speeds. Radial deformation is
also caused by large temperature gradients in the engine
core flow. Gas temperatures in this region can increase
by more than 50% during takeoff and may be on the
order of 1300 °C (2372 °F) during cruise. To prevent
surface temperatures from exceeding the melting point
of the blade material, film cooling is employed.

Analysis of the blade deformation is relatively
straight forward as heat transfer between the blade and
the engine air flow has been studied extensively.
Because of this, results for the blade are expected to be
more accurate than those for the shroud or the rotor.
One aspect of the blade model that should be explored
is the inclusion of temperature dependent material
properties. Ongoing efforts are addressing this issue
and validating the blade model against available data.

4.2.1. Film Cooling of Turbine Blades

In film cooling, a secondary flow is introduced into
the boundary layer at the surface of the blade.”” The
temperature of the film cooling fluid, 7}, is much lower
than the mainstream temperature, 7,. The blade
surface temperature, Tp,q, may be determined using a
semi-infinite formulation similar to equation (2) with
the exception that the reference temperature, 7,, is not
the mainstream temperature as in two temperature
flows. The reference temperature for film cooling is
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generally unknown and depends on the supply
temperatures of the two interacting flows and the
degree of mixing that occurs.'>"* In such cases, the
reference temperature and convection coefficient, #,
must be determined experimentally or numerically.
Using experimental data, a film cooling effectiveness,
similar to that shown in equation (6), is determined in
terms of the two flow temperatures, 7, and 7, f.13

_ T;'_Tm

T,-T, ©

n

In the case of the turbine blades, the mainstream
fluid, 7, is at Tj,pime and the temperature of the film
cooling flow, T is assumed to be at Tpmpressor- AS
shown in Figure 4, compressor discharge air enters the
blade through the shank and flows into the blade cavity
where it exits via film cooling holes at the leading edge.
As the flow exits the blade, it creates a thin film of
cooler air that wraps around the blade. The temperature
of the film-cooled metal is wused to compute
deformation due to thermal stresses in the blade.

4.2.2. Blade Deflection due to Thermal Stresses

As the temperature of the air surrounding the
turbine blade changes, the blade expands or contracts
accordingly. Since the blade walls are relatively thin,
the thermal gradient of the blade material is assumed
negligible. Under this assumption, the blade material
will have a uniform temperature equal to the surface
temperature, Tp;,q.- This approach simplifies the thermal
stress analysis to a linear relationship:

uy =a (T-T,,). %)

Here « is the coefficient of thermal expansion for the
blade material; and /, is the length of the blade at
temperature T,

4.2.3. Blade Deflection due to Centrifugal Forces

Radial deflection of the blades is effected not only
by changes in temperature, but also by centrifugal
forces. The centrifugal forces are proportional to shaft
angular speed, a(f), the blade mass, m, and the radial
distance between the axis of rotation and the blade
center of mass, ~%/(f)+r,(f). Calculation of radial
deflection due to the centrifugal forces may be
simplified by assuming that the maximum blade and
rotor tip growth are sufficiently small so that rotor tip
radius and blade length are constant, i.e., r,(¢)=r, and
I(£)=ly. Under this assumption, the time dependency of
centrifugal force, F,, is only a function of shaft angular
speed. A simple stress-strain relation adapted from
Kypuros'' can then be used to arrive at the deflection.
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Here, @ may be a function of time, and the value of
E may vary with blade metal temperature. To obtain
the stress, the force is averaged over the length of the
blade using the blade mass, m, and the mean blade wall

cross-sectional area, 4 In a more general form, Cy,

wall *
is a constant that can be obtained analytically or
experimentally for a specific blade geometry.

4.3. Rotor Model

For this study, the rotor model is composed of both
the rotor disk and the blade shank. The two are
modeled as a rotating disk of uniform thickness, and
only deflections due to changes in centrifugal force and
purge air temperature are considered. Compressor
discharge air is generally used to purge and cool the
cavity around the rotor. Only the upper portion of the
blade shank is exposed to the high temperature core
flow. Thermal expansion is assumed to be dominated
by heat transfer between the rotor disk and the
compressor discharge air, at temperature Teompressor
Thus, as shown in Figure 5, the rotor is assumed to be
insulated to heat transfer from the turbine blades
simplifying the analysis. Compressor discharge air
flows over the majority of the rotor’s surface area.

Modeling of the rotor is complicated by several
factors: a non-trivial geometry, different temperatures
on the fore and aft surfaces, and radial temperature
distributions due to windage heating. Ongoing
modeling efforts are working to ascertain the impact of
these effects on the dynamics of rotor deformation.
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4.3.1. Rotor Deflection due to Thermal Stresses

As with the outer shroud surface temperature, the
rotor surface temperature is assumed to be governed by
a semi-infinite formulation similar to equation (2). For
the rotor, the reference temperature is the compressor
discharge temperature. To facilitate the development of
a simplified model, the temperature through the
thickness of the rotor is assumed to be relatively
constant and approximately equal to the surface
temperature (i'e'n Trotor:Tcompressor)' This assumption
does not account for the thermal mass of the rotor. In
addition, phenomena that generate radial temperature
gradients in the rotor, such as windage heating, are
ignored in this model. The current intent is to add
effects of these phenomena to future versions of the
model as required to improve accuracy.

Since the rotor temperature is assumed to be
relatively constant throughout, the thermal strain
analysis is significantly simplified and the approximate
rotor deflection due to thermal stresses is

U, :arro(T—Tm/-) ©)

where ¢, is the coefficient of thermal expansion for the
rotor material; and r, is the radius of the rotor at
temperature T,

4.3.2. Rotor Deflection due to Centrifugal Forces

To estimate the rotor tip radial deflection due to
centrifugal forces, a simplified equation is used:"

2

=L [y ) 1 (3, )]

4E (10)
=C, —

E

The first form of the equation shown here describes the
radial deflection of a rotating flat disk with a hole in the
center where, r, and 7; are the tip and hub radius
respectively. As with equation (8), a more general form
is also presented, where constant, C,, is experimentally
or analytically determined from rotor geometry and
material properties.

4.4. Clearance Calculation

Expressions for the time varying deflections of the
various turbine sub-models due to thermal and
mechanical forces can now be summed to obtain the
resulting tip clearance. Equation (11) shows how the
relative change in the time-varying geometry of each
sub-model is used to calculate the overall change in tip
clearance.

30 = a0 = [Fror () + Ly (0)]
:(ra+usl+us2) (11)
- [(rn Fu,y i)+l tuy, + ”bz)]



Here, o(t) is the overall tip clearance as a function of
time. Variables 7,oud Proor, aNd lpq. are, respectively,
the shroud inner radius, rotor tip radius, and blade
length as a function of time. Note that, »,, ), and /, are
the initial geometric state of the shroud, rotor, and
blade, respectively; while the subscripted u’s denote
time-dependent results of previously described
deformation calculations.

5. MODEL IMPLEMENTATION AND RESULTS

The clearance model described in this report was
implemented in the Matlab/Simulink environment. As
stated earlier, a dynamic engine model was used to
generate the time-dependent inputs for the clearance
model. It is important to note that a transient
simulation of a large commercial engine was not
available during development of this preliminary
model. Instead, a simulation representative of engines
used on modern fighter aircraft was used to generate the
engine transients. The engine transients were then
scaled in amplitude and time to approximate the
dynamics of a large commercial engine, and they were
used as inputs to the clearance model.

A consistent set of data containing all of the
necessary model parameters (e.g., geometry, material
properties, heat transfer coefficients) was unavailable.
Therefore, it was necessary to use estimates for many of
the parameters. Kypruos'' gives a detailed discussion
of the sources, confidence level, and associated
assumptions used in determining values for the various
parameters used in this clearance model.

Results shown in figures 6 and 7 are for a step
change in operating condition from ground-idle to
maximum power. The time history of the engine speed
is shown on the upper axes of Figure 6. Associated
temperatures transients for the high pressure turbine
and the high pressure compressor are shown on the
upper axes of Figure 7. These parameters serve as
inputs to the shroud, rotor, and blade sub-models.
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Figure 6. Deflections and clearance for transient
from ground idle (G/I) to maximum power
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In addition to the transient temperature inputs, Figure 7
shows the shroud temperatures and the basic element
temperatures. Note that the shroud temperature, T, 0.0,
plotted on the lower axis, is just the average of the bond
and outer wall temperatures, 7. and 7, respectively. As
evidenced by the figure, the dynamic temperatures
generally follow the expected trend—a relatively slow
response compared to the input temperature transients.
Data on the lower axes also show that the blade wall
temperature, Tpq., stays well below the melting point
of Inconel 718, which is about 2450 °F.

Figure 6 shows the individual deflections and
overall clearance with reference to the engine speed
transient. As expected the rotor initially responds more
quickly due to the centrifugal forces induced by the
engine speed transient. The shroud catches up and
grows more rapidly due to thermal stresses than either
the rotor or blades. According to this formulation, the
blades contribute the least to the clearance change.
Like the rotor, they grow initially quickly due to the
rapid increase in centrifugal and thermal stresses, but
their growth is significantly less than the rotor. This
should be expected considering the relatively short
length of the blades compared to the rotor radius. The
predicted clearance generally follows the expected
trend for a take-off-transient. Engine experience®’
indicates an initial reduction in clearance of about
0.76 to 1.27 mm (30 to 50 mils) and the recovery due to
the thermal growth of the shroud is expected to be 0.25
to 0.51 mm (10 to 20 mils). This model predicts a
reduction of approximately 0.51 mm (20 mils) and a
recovery of about 0.13 mm (5 mils). Exact ranges for a
given engine would depend on the parameters and

transient  conditions specific to that engine.
Nonetheless, the results are promising.
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6. SUMMARY

Fast-response active clearance control is discussed
as a means of realizing significant benefits for turbine
engines in the areas of emissions, fuel savings, and on-
wing life. Research in controls & modeling technology,
actuators, and sensors are needed to realize these
benefits. NASA’s plan to develop and demonstrate a
proof-of-concept ACC system is presented and the
status of current efforts briefly discussed. This is
followed by the presentation of a preliminary dynamic
model of the clearance phenomenon.  Equations
describing the thermal and mechanical deformation of
turbine subcomponents — the shroud, the rotor, and the
blade — are given. Assumptions used in selecting and
identifying model parameters are discussed along with
limitations of the model. The paper concludes by
presenting preliminary results which, though promising,
require further investigation and validation.
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